The aim of this work was to study the differential behavior shown by Candida antarctica 14 lipase B during the O-acylation and N-acylation of monofunctional alcohols and 15 monofunctional amines. To achieve this, 2-butanol and sec-butylamine were used as model 16 molecules. Yields, kinetics and enantioselectivity were studied for both reactions. Although a 17 steady-state ordered ternary complex bi-bi mechanism was obtained for the O-acylation of 2-18 butanol, a ping-pong bi-bi mechanism was obtained for the N-acylation in case of low sec-19 butylamine concentrations. The values of apparent kinetics parameters were calculated: the 20 enantiomeric ratios (E) were evaluated and confirmed the preference of Candida antarctica 21 lipase B for the (R)-enantiomer, which was consistent with the literature. The 22 enantioselectivity was calculated for the alcohol (E ≈ 3.17) and for the amine (E ≈ 1.34). 23
Introduction 36
Many molecules such as amino acid esters [1] , glucamides [2] or ceramides [3] are derived 37 from the selective acylation of multifunctional compounds like amino-alcohols. The method 38 used for the chemical synthesis of these molecules is well established but is confronted to 39 several limitations. It requires fastidious steps of hydroxyl group protection and deprotection 40 for the control of chemoselectivity and stereoselectivity. The high temperatures required also 41 preclude the use of fragile molecules and may cause coloration of final products. In addition, 42 the coproduction of salts, and the use of toxic solvents (dimethylformamide, methanol, …) 43 that must be eliminated at the end of the reaction increase the cost of the processes. For these 44 reasons, an interesting alternative is the use of biocatalysts which offers a clean way to 45 perform chemical processes, under mild reaction conditions and with a high degree of 46 selectivity. 47
Enzymes have been used mostly for aqueous phase reactions. However, non-aqueous 48 enzymology has potential applications in industry. The use of immobilized enzymes, in 49 particular lipases, in organic media rather than aqueous media has several advantages such as 50 the shift in thermodynamic equilibrium in favor of the synthesis over the hydrolysis reaction, 51 the increased solubility of non-polar substrates, the elimination of side reactions, the ease of 52 enzyme and product recovery and the increased enzyme thermostability. 53
Lipases can be used to catalyze a wide range of valuable synthesis reactions among which the 54 acylation of primary alcohols and amines. Many models concerning the lipase-catalyzed 55 acylation of primary alcohols in organic solvents or solvent-free systems have already been 56 characterized and shown to kinetically proceed via a ping-pong bi-bi mechanism or 57 sometimes an ordered bi-bi mechanism [4] [5] [6] . In some cases, substrate inhibition was 58 observed. For instance, an ordered bi-bi mechanism with inhibition by both substrates was 59 used to model the esterification of cetyl alcohol with oleic acid [7] and a ping-pong bi-bimechanism implying a competitive inhibition by substrates was described for the 61 transesterification of isoamyl alcohol with ethyl acetate conducted in n-hexane as a solvent 62 [8] . A ping-pong bi-bi mechanism with inhibition by the amine was also reported for the N-63 acylation of ammonia with oleic acid [9] . On the other hand, Arcos et al. did not identify any 64 inhibition step when they proposed a ping-pong bi-bi mechanism to describe the lipase-65 catalyzed esterification of glucose with fatty acids [10] . Novozymes A/S, Bagsvaerd, Denmark. R and S pure enantiomers (99%) of 2-butanol and 88 sec-butylamine, as well as tert-amyl alcohol were purchased from Sigma-Aldrich (St Louis, 89 USA) while myristic acid and acetic acid were from Fluka (St Quentin-Fallavier, 90 Switzerland). All chemicals were dried over molecular sieves. Pure water was obtained via a 91
Milli-Q system (Millipore, France). Acetonitrile was purchased from Carlo ERBA (Val-de-92
Reuil, France). 93
Enzymatic reactions 94
Initial rate measurements were performed at 55°C in tert-amyl alcohol according to a 95 previously established procedure [12] . 2 ml of the reaction mixtures containing various 96 amounts of substrates (25-350 mM) were incubated for 10 minute prior to addition of 10 g.l where a w and a myristic acid are the thermodynamic activities of water and myristic acid, 105 respectively. a P and a B are the thermodynamic activities of 1-methylpropyl myristate ester or 106 myristic acid methylpropylamide, and of 2-butanol or sec-butylamine, respectively. The 107 thermodynamic activity values used were estimated using the contribution method of 108 predicting activity coefficients, UNIFAC (universal functional activity coefficient) [13] . 109
The initial velocities were calculated from the linear relationship of the total concentration of 110 products against reaction time (0-2 h for the 2-butanol esterification and 0-3 h for the sec-111 butylamine amidification). 112
Data analysis 113

Determination of kinetic mechanisms 114
All initial rates data were fitted to all the kinetic models provided by the Enzyme Kinetics 115
Module of Sigma Plot, "Enzyme Kinetics 2004 1.3" (Systat Software Inc., San Jose, USA), 116 using nonlinear least-squares regression analysis. 117
Initial rate data corresponding to 2-butanol O-acylation were best fitted to the equation 118 describing a steady-state ordered ternary complex bi-bi mechanism [14] (Eq. (2)). 119
Initial rate data corresponding to sec-butylamine N-acylation for low concentrations of amine 121 (<100 mM) and myristic acid (<175 mM) were best fitted to the equation describing a steady-122 state ping-pong bi-bi mechanism [ 
Evaluation of the enantioselectivity and of the chemoselectivity 132
The enantioselectivity can be described by the enantiomeric ratio (E). , the ratio of initial rates will equal E and 137 the catalytic efficiency ratio [15] . In this study, E-values were always calculated by using the 138 catalytic efficiency ratio. 139
The chemoselectivity of C. antarctica lipase B was studied by comparing (R)-2-butanol O-141 acylation and (R)-sec-butylamine N-acylation, and then evaluated via the apparent catalytic 142 efficiency ratio (Eq. (5)) [16] . 143
HPLC analysis 145
Structural and quantitative analysis of reaction products were conducted using a LC/MS-ES 146 system from Agilent (1100 LC/MSD Trap mass spectrometer VL) with a C18 Uptisphere 300A OD columm (250×4 mm, 5 μm; Interchim) for the analysis of esters and a C18 Prontosil 148 120-5-C18-AQ columm (250×4 mm, 5 μm; Bischoff Chromatography) for the analysis of 149 amides. Both columns were eluted with acetonitrile/water/acetic acid (90:10:0.1, v/v/v) at 150 room temperature and at a flow rate of 1 ml.min -1 . Products were detected and quantified by 151 differential refractometry using HP Chemstation software off-line for the processing. 152
Results and discussion 153
Kinetics and enantioselectivity of 2-butanol O-acylation. 154
The synthesis of 1-methylpropyl myristate ester catalyzed by C. antarctica lipase B from 2-155 butanol with myristic acid as an acyl donor was chosen as the model reaction for the O-156 acylation study. Pure (R)-and (S)-enantiomers of 2-butanol were used in separate 157 experiments to investigate the effect of the concentration of both substrates on the initial rate 158 values and to elucidate the kinetic mechanism of the reaction. From the HPLC analysis, the 159 decrease of myristic acid concentration was always seen to be concomitant with the synthesis 160 of 1-methylpropyl myristate ester which was identified by mass spectroscopy. In absence of 161 enzyme, no product was detected within 2 days. 162
Both substrate concentrations were varied from 25 mM to 350 mM and Figure 1 shows the 163 effect of the substrate molar ratio on the equilibrium ester synthesis yield based on the 164 limiting initial substrate concentration, after 48 hours of (R)-or (S)-2-butanol acylation. We 165 observed that the yield increased sharply when one substrate was used in excess, starting from 166 about 15% ester synthesis under stoechiometric conditions to reach more than 60% ester 167 synthesis under the conditions with 350 mM of myristic acid or 2-butanol. Under the best 168 conditions used, corresponding to 350 mM of 2-butanol and 25 mM of myristic acid, up to 169 69% conversion (17.2 mM) was obtained with the (S)-conformation, giving an equilibriumconstant K eq of 1.87, which favors synthesis. Moreover, no significant difference was 171 observed between the (R)-and (S)-ester synthesis yields whatever the substrate molar ratio. The corresponding families of the double reciprocal plots were linear and gave intersecting 189 patterns at the left of the y-axis (Figure 2A and Figure 2B ), characterizing either a steady-state 190 ordered ternary complex bi-bi mechanism or a Theorell-Chance mechanism. The probability 191 that a Theorell-Chance system exists is very low and this mechanism was therefore excluded 192 to give the ester product [20] . This corresponds to a ping-pong bi bi mechanism but in our 208 situation, the first product is water, which is a small molecule that may already be present in 209 the catalytic site and cannot be a cause of steric hindrance. So the second substrate can access 210 to the active site before the release of the first product, leading to an ordered bi-bi mechanism. 211
The apparent kinetic parameters V app max and K app mB were determined (Table 1) . 212 hal-00790682, version 1 -20 Feb 2013 have revealed that this enantioselectivity may be related to the enzyme conformation which 230 would allow the (R)-enantiomer to easier access the active site [22] . 231
Kinetics and enantioselectivity of sec-butylamine N-acylation 232
The synthesis of myristic acid methylpropylamide catalyzed by C. antarctica lipase B from 233 sec-butylamine with myristic acid as an acyl donor was chosen as the model reaction for the 234 N-acylation study. Pure (R)-and (S)-enantiomers of sec-butylamine were used in separate 235 experiments to investigate the effect of both substrate concentrations on the initial rate and the 236 synthesis yield. From the HPLC analyses, the decrease in myristic acid concentration was 237 always seen to be concomitant with the synthesis of myristic acid methylpropylamide, which 238 was identified by mass spectroscopy. In absence of enzyme, no product was detected within 2 239
days. 240 under all conditions tested. We also observed that the increase in one substrate concentration, 254 from 25 to 100 mM of sec-butylamine and from 25 to 175 mM of myristic acid, allowed to 255 enhance the amide synthesis yield. However, the use of a large excess of one substrate toward 256 the other, corresponding to concentrations higher than 100 mM of sec-butylamine or 175 mM 257 of myristic acid, caused the decrease in the amide synthesis yield. This was most likely due to 258 an inhibitor effect similar to an excess substrate inhibition that was not observed for the O-259 acylation of 2-butanol (see section 3.1; Figure 1) , probably due to an interaction between sec-260 butylamine and myristic acid. Indeed, the presence of an amino substrate and a fatty acid in an 261 organic solvent generally leads to the formation of an ion-pair complex between bothsubstrates, depending on the acido-basic conditions of the medium [12, 19, 23] . This salt 263 complex can lead to the unreactivity of the ion forms of both substrates (NH 3 + amine form 264 and COO -fatty acid form) and therefore to the overestimation of the reactive substrate 265 concentrations that are really available for the enzyme in the reaction medium. This ion-pair 266 complex was already described by Maugard et al [12] as a limiting factor of the lipase-267 catalyzed acylation under conditions where it was less soluble than free substrates. 268
Using kinetic experiments, we then sought to identify the kinetic mechanism of the synthesis 269 of myristic acid methylpropylamide from sec-butylamine and myristic acid catalyzed by C. 270 antarctica lipase B. Systematic analysis of the rates, which were dependent on the substrate 271 concentration, revealed two Lineweaver-Burk double reciprocal plots, depending on whether 272 myristic acid or (R)-sec-butylamine was parametric (Figure 4) . The corresponding families of 273 the double reciprocal plots showed a set of solid parallel lines for low concentrations of 274 substrates (inferior or equal to 100 mM of myristic acid or 50 mM of (R)-sec-butylamine) 275 characterizing a steady-state ping-pong bi-bi mechanism. The initial rates data obtained with 276 the (S)-enantiomer were also seen to fit with this kinetic model (data not shown). 277
Moreover, for high concentrations of substrates (superior to 100 mM of myristic acid or (R)-278 sec-butylamine), a decrease in initial rates was observed: this was characterized on both 279 lineweaver-Burk plots by an increase in 1/ initial rate-values as well as a loss of parallelism of 280 the corresponding plots, which showed a set of dashed lines tending to intersect near the y-281 axis. Two hypotheses can be proposed to explain this phenomenon. First, it may be due to a 282 steady-state ping-pong bi-bi mechanism implying a double substrate competitive inhibition, 283 which would be enforced by the fact that the corresponding experimental data were best fitted 284 with this model. Nevertheless, this hypothesis should probably be ruled out given that no 285 inhibition by myristic acid was observed for 2-butanol O-acylation conducted under very 286 similar conditions. The second and most likely hypothesis would be the previously proposedformation of an ion-pair complex between (R)-sec-butylamine and myristic acid that would 288 lead to the decrease in the substrates availability in the enzyme environment. As the formation 289 of a complex salt cannot occur between myristic acid and 2-butanol, due to the impossibility 290 for 2-butanol to form its unprotonated anionic form under the experimental conditions used, 291 this phenomenon was not observed for 2-butanol O-acylation. 
Conclusion 340
The kinetic behavior of C. antarctica lipase B toward 2-butanol O-acylation and sec-341 butylamine N-acylation starting from myristic acid as an acyl donor was investigated. The 342 equilibrium yields and initial rates of the reactions were measured in order to identify the 343 kinetic mechanisms and parameters which allowed us to understand the origin of the lipase 344 selectivity. Under the best O-acylation conditions used, a similar synthesis yield (close to 345 65%; 16 mM) was observed after 48 h for the conversion of (R)-or (S)-2-butanol into 1-346 methylpropyl myristate ester. On the other hand, optimal N-acylation conditions resulted in a 347 significant preference for the conversion of (R)-sec-butylamine into myristic acid 348 methylpropylamide, which reached about 84% (21 mM) when excess (R)-sec-butylamine was 349 used, whereas only 25% of (S)-sec-butylamine was converted under optimal conditions. 350 Regarding the kinetic studies of the reactions, the experimental data corresponding to the N-357 acylation of (R)-sec-butylamine and (S)-sec-butylamine were fitted with a steady-state ping-358 pong bi-bi mechanism for lower substrate concentrations. Interestingly, the kinetic data 359 corresponding to the O-acylation of (R)-2-butanol and (S)-2-butanol were found to fit with asteady-state ordered ternary complex bi-bi mechanism model. Concerning the 361 enantioselectivity studies, C. antarctica lipase B was found to preferentially catalyze (R)-2-362 butanol O-acylation in terms of both catalytic activity and affinity: the calculated E-value of 363 3.17 confirmed its preferential enantioselectivity for (R)-enantiomer O-acylation. sec-364 butylamine N-acylation also showed a preferential enantioselectivity of C. antarctica lipase B 365
for the (R)-enantiomer, giving an E-value of 1.34. Nevertheless, (R)-sec-butylamine N-366 acylation was shown to occur with higher initial rates and yields than those of (S)-sec-367 butylamine N-acylation whereas the affinity of C. antarctica lipase B was lower for (R)-sec- 
